The nitrogen-vacancy ͑NV͒ centers in diamond are amongst the most promising candidates for quantum information applications. Up to now the creation of such defects was highly probabilistic, requiring many copies of the nanodevice. Here we show that by employing a two step implantation process which includes low dose N 2 + molecular ion implantations followed by high dose C implantation can increase the generation efficiency of NV centers by over 50%. Moreover, we detected intrinsic 14 N concentration as low as 0.07 ppb by converting the nitrogen impurities into NV and then counting the single centers by using a confocal microscope. © 2010 American Institute of Physics. ͓doi:10.1063/1.3409221͔
Recently, spins associated with defects in diamond were shown to be good candidates for information carriers ͑qubits͒ as required for quantum computation and communication.
The negatively charged nitrogen-vacancy ͑NV − ͒ center in diamond is of particular promise for these applications. This defect consists of a nitrogen atom on a lattice position and a vacancy located at the next lattice site. Spin selective photon scattering allows efficient initialization and readout of single electronic spin state. 1 Furthermore, a nuclear spin free diamond lattice ͑poor in 13 C and defects͒ creates an ideal environment for spin qubits and extends their potential operation condition to room temperature. [2] [3] [4] Due to the longest coherence time for any solid material at ambient conditions, single spin in diamond can also be used as a magnetometer with spatial resolution approaching atomic scale. 5 For all these applications it is of outstanding importance to find highly efficient ways of creating NV centers in diamond.
The first experiments on single spin detection were performed on NV centers naturally formed during diamond growth. 1 The formation of these centers has shown the necessity of the sufficient amount of diamond vacancies present in the crystal. Their artificially generation by electron irradiation of nanodiamond allowed recently the production of grams of NV fluorescent material. 6 However, vacancies generation by a foreign ions bombardment introduces undesirable impurities that might create also paramagnetic centers potentially affecting the coherence time of NV defects. Carbon ion implantation does not suffer from any of the above shortcomings, hence our choice of implantation of carbon ions for the introduction of vacancies. A further motivation of our work is coming from quantum information science. Spin qubits have to be introduced in a spin-free lattice to ensure long coherence times. Therefore the use of nitrogen rich diamonds is problematic since paramagnetic nitrogen substitution forms a spin bath, thus limiting the coherence time. 7 Another technique, based on ion implantation was demonstrated recently. 8 In this approach, nitrogen is implanted at the desired positions by using a focused N ion beam. During the slowing down of the implants the ions create vacancies in their vicinity, which, upon annealing, can form NV defects. The efficiency of this process for NV formation is limited by the number of vacancies available in the vicinity of the N stopping position and by the capture cross section of vacancies by nitrogen. These factors explain the relatively low yield of 2.5% that was reported for NV creation by this method. 9 In the present paper, we show that by appropriate choice of implanted nitrogen ion energy and introducing additional vacancies by implanting carbon ions into the N containing diamond lattice, a dramatic improvement of the NV production yield, by over 50% is achieved. In contrast to previous studies 10, 11 where a total increase in the NV fluorescence was observed, we determine the absolute yield of the NV formation from the implanted nitrogen by counting single centers.
The experiments were carried out using ultra pure synthetic diamonds ͑nitrogen concentration below 1 ppb͒ grown by chemical vapor deposition method. 12 For stabilization of the negatively charged state of the NV defect, an electron donor must be present in the diamond lattice. Since nitrogen itself is a deep donor, molecular implantation was used in our work. One of the nitrogen atoms is used to form NV centers, whereas the second one is intended to donate the electron to form the NV − center. In the present study 15 N ions were used in order to allow discrimination between 14 NV centers due to residual N impurities in the sample and the deliberately introduced 15 NV. The implantation energies were chosen such as to make a compromise between the accuracy in the determination of the final position of the implanted N, the proximity of the N atom pairs originating from the N 2 molecule ͑which is deteriorating with increasing energy due to ion-straggling͒ and the vacancies profile which has to overlap the implanted N. We have chosen the energy for the nitrogen molecular ions 15 N + to be 60 keV, hence when the N 2 molecule breaks up upon impact with the diamond surface into two N atoms, each has, half of the initial energy, i.e., 30 keV. One half of the sample has been exposed to N 2 implantation and the entire sample was, subsequently, implanted with 40 keV 12 C ions to different doses, up to 1 ϫ 10 12 C / cm 2 . It should be noted that there is an upper limit for the density of implantation related defects ͑being of the order of 1 ϫ 10 22 V / cm 3 ͒ which allows the damaged crystal lattice to anneal back to diamond. 13 Higher concentrations of defects will after annealing result in graphitization of the entire damaged region. After implantation, the sample was annealed at 800°C in vacuum for two hours followed by boiling in an acid mixture in order to remove any graphite residues produced during annealing. Single NV − centers ͑both 14 NV − and 15 NV − ͒ were counted using a home built confocal microscope.
In Fig. 1 15 N implantation lie at a shallower depth than the implanted nitrogen-a fact that decreases the efficiency of NV formation. On the other hand, the damage caused by an additional carbon implantation enriches the N implanted region with vacancies facilitating the formation of desirable NV centers upon annealing. Figure 2 shows the fluorescence picture obtained from two adjacent N + C and C implanted areas of the sample. The much larger number of fluorescing points in the dual implantation area is obvious. The NV formation yield was determined by comparing the number of 15 NV defects for the different C implantation doses ͑0, 2 ϫ 10 10 , 5ϫ 10 10 , 1 ϫ 10 11 , 5ϫ 10 11 , and 1 ϫ 10 12 ions/ cm 2 ͒. In the area without any carbon implantation we estimate the NV creation yield to be at most 20%. The conversion of 15 N atoms to 15 NV defects in the carbon implanted area was found to be 33% ͑for 10 11 carbon ions/ cm 2 ͒ which is significantly higher than that previously reported for lower N implantation energies with no further damaging implantations. Since the number of vacancies scales approximately linearly with ion dose, our result shows that further improvement can be achieved by introducing additional vacancies to the N containing volume.
Implementation of electron spin resonance ͑ESR͒ spectroscopy measurements enabled us to distinguish between fluorescing centers formed with 15 N and 14 N and estimate their quantities. Figure 3 shows the efficiency of the produced 15 NVs and total area concentrations of 15 NV-and 14 NV-centers as a function of the carbon ion dose. The figure shows that the total number of NVs increases with increasing dose of the implanted carbon. The slight decrease in the 15 NV yield with increasing C ion dose may be due to the formation of different vacancy related defects centers such as double vacancy, TR12 or 3H which compete with the NV formation at high vacancy concentrations. The increased background fluorescence in the areas with high damage concentrations, which is likely to be due to vacancy complexes, supports this point. Employing implantation/annealing procedures such as implantations into heated diamond or implantations into cold diamond followed by rapid annealing, devised for optimal doping efficiencies of implanted dopants may turn out to be useful for the formation of NV centers by minimizing the vacancy related native defect formation. It is interesting to note that although 15 N 2 molecular ions were implanted, no clear closely lying NV pairs could be identified by ESR spectroscopy ͑data not shown͒. It seems that the relatively high energies at which the N 2 molecules enter the diamond results in the immediate break up the molecules with a concomitant to large separation between partners. The SRIM simulation shown in Fig. 1 reveals about 30 nm for the width ͑full width at half maximum͒ of the nitrogen ion density profile.
In conclusion, we showed that the yield of the NV formation from implanted nitrogen can be substantially increased by a second "damage only" implantation of carbon ions. The implantation and annealing procedures still have to be optimized in order to further increase the yield of the NV from the implanted nitrogen ions and simultaneously to hinder the creation of other defects. The results from this study suggest an alternative method for the determination of the nitrogen content in diamonds. As shown here, implantation of the N containing diamond with damaging ions with sufficiently high dose, yet below the critical dose for graphitization 13 could create enough vacancies to convert a large fraction of nitrogen atoms in the sample into NV centers by annealing. Since confocal microscope collects photoluminescence centers from approximately 700 nm depth, it was possible to estimate the nitrogen 14 N concentration by using the 15 NV − formation efficiency found here and comparing it with the total amount of fluorescing centers ͑see Fig. 3͒ . This method in which single centers are counted is far more sensitive compared to the commonly used EPR method where an ensemble of spins is required. We estimated the 14 N impurities in our sample to be about 0.07 ppb, which is not measurable with any other technique.
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